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Enhancing the Fault
Tolerance of Workflow
Management Systems

server architectures, the relevance of fed-
erated systems, and the increasing avail-
ability of distributed-processing technol-
ogy (the Web, CORBA, Object Linking
and Embedding, Java), to mention a few.
All these trends promote the deployment
of large and heterogeneous distributed
execution environments where interre-
lated tasks can be efficiently executed and
closely monitored.1

It is in this context that workflow tools
are relevant.2 Workflow management sys-
tems (WFMSs) are used to coordinate and
streamline business processes.3 Typical
examples include billing and loan approval
in financial corporations, claim processing
in insurance companies, and patient admit-
tance in a health care organization. Work-
flow tools represent business processes as
workflow processes—that is, as computer-
ized models of the business process where
all aspects necessary for executing the
process are specified. These aspects include
defining each individual step in the process,

the order and conditions in which the steps
must be executed, the data flow between
steps, identifying who is responsible for
each step, and the applications to use at
each step. A WFMS can thus be seen as the
set of tools used to design and define work-
flow processes, the environment in which
these processes are executed, and the cor-
responding set of interfaces to the users
and applications.

The demand for workflow systems has
grown so rapidly that in just a few years
several hundred products have appeared in
the market. In a recent issue of IEEE Con-
currency, a special section on WFMSs dis-
cussed the bright perspectives of this tech-
nology, highlighting application areas such
as enterprise-wide workflow management
and interorganizational workflows.4 In
spite of the overall success, however, there
have been many cases of disappointing
mismatches between users’ expectations
and the features provided. In most cases,
the main reason for the problems has been
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the immaturity of the first generation of
workflow products. These problems are
slowly being solved as products mature
and enrich their functionality, but in a
few areas, workflow systems are far from
providing the functionality, reliability,
and robustness necessary to become a
key tool in corporate computing.

An overview of workflow
systems

We will introduce the basic concepts
of workflow management using the def-
initions provided by the Reference
Model3 of the Workflow Management
Coalition (WFMC), an international
organization leading efforts to standard-
ize workflow management products.

TYPES OF WORKFLOW SYSTEMS
In spite of the WFMC’s efforts, peo-

ple use the notion of workflow differently
in different contexts. A widely used tax-
onomy of workflow systems is based on
the nature of the business processes
they are able to support, distinguishing
between administrative, ad hoc, collabo-
rative, and production processes.5 The
basic parameters of this classification are
the similarities among the business
processes involved and their value to the
associated enterprises. However, we can
also organize them according to task
complexity and structure. Figure 1 sum-
marizes both approaches. Note, however,
that there are no sharp distinctions and
the different types do overlap. Further-
more, although many of the WFMC’s
definitions apply to all types of business
processes and workflow systems, they are
most appropriate for administrative and
production workflows.

In general, administrative workflows
refer to bureaucratic processes where the
steps to follow are well-established and
are based on known rules. Examples are
registering for a university course, apply-
ing for a degree after finishing a disser-
tation, registering a vehicle, and almost
any other process in which one must fill
out and route a set of forms through a
series of steps. This type of workflow
leads almost naturally to the idea of form
processing, a new term for the older con-

cept of the paperless office; it is also asso-
ciated with large-scale systems where the
number of processes involved tend to be
very high. For instance, a typical billing
application might involve several million
process instances a year.

Ad hoc workflows address exceptions
and unique situations. The situation
might not be exceptional but each par-
ticular instance is unique. For example,
each journal follows a different protocol
for its submission process. Editors, espe-
cially given the length of time these
processes run, might want to leave the
coordination of the different steps in the
hands of an ad hoc workflow system.
Also, while the actual process might be
unique, the user will generally be involved
in a variety of processes. The reason for
using a workflow system with these char-
acteristics is not the difficulty of track-
ing each separate process but the prob-
lem of keeping track of them all
simultaneously.

The third class, collaborative work-
flows, is mainly characterized by the
number of participants involved and
their interactions. Unlike other types of
workflow that assume continual forward
progress, a collaborative workflow might
involve several iterations over the same
step until the participants reach some
agreement; it might even involve going
back to an earlier stage. A good example
is when several authors write a paper. It
would be difficult to model such a
process using tools that are not geared
for collaboration, because it is almost
impossible to predefine the steps to fol-
low. (These steps should not be mis-
taken with milestones, which can be
predefined.) Moreover, collaborative
workflows tend to be dynamic in the

sense that they are defined as they
progress. Taken to the extreme, this type
of process might not even be a workflow
system, because people do most of the
coordination while the system just pro-
vides a good interface for recording their
interactions.

Production workflows are the high end
of these systems. We can characterize
them as the implementation of mission-
critical business processes—that is, those
directly related to the organization’s func-
tion. Credit and loan applications and
insurance claims are typical examples.
The difference between administrative
and production workflows is sometimes
a matter of perspective. Usually, when
talking about production workflows, the
main points to consider are the scale, the
complexity and heterogeneity of the exe-
cution environment, the variety of peo-
ple and organizations involved, and the
nature of the tasks. In particular, produc-
tion workflows tend to be executed over
heterogeneous systems (frequently legacy
applications), and monitoring tools with
which to statistically analyze process exe-
cution are crucial. Most commercial tools
focus on production workflows, because
these have the biggest market potential;
on the other hand, availability and robust-
ness are most critical here.

WORKFLOW MODEL
At the core of any workflow system is

the notion of a business process. The ref-
erence model defines a business process
as “a procedure where documents, infor-
mation, or tasks are passed between par-
ticipants according to defined sets of rules
to achieve, or contribute to, an overall
business goal.”3 A workflow is a repre-
sentation of the business process in a
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Figure 1. A rough classification of workflow management systems organized
according to (a) their business value and uniqueness and (b) their task
complexity and structure.



machine-readable format. Hence, a
WFMS is “a system that completely
defines, manages and executes workflows
through the execution of software whose
order of execution is driven by a computer
representation of the workflow logic.”3

Figure 2 shows the main components
of a process, using IBM’s FlowMark
product as an example. It consists of a set
of activities, a set of data objects, and a
number of edges connecting the com-
ponents. An activity is the internal rep-
resentation of a program execution or
manual task. An activity’s connection to
the “real world” is encoded in its exter-
nal binding, which specifies which pro-
gram to run, who is responsible for per-
forming this part of the workflow, and
which resources to allocate for its exe-
cution. The runtime system uses this
information to execute external applica-
tions or instruct users to perform certain
actions. The data objects are grouped in
data containers that represent the input
and output parameters of activities and
are used to pass information around.

Control connectors—directed edges
that link pairs of activities and specify
their order of execution—determine con-
trol flow inside a process. To enable con-
ditional branching, control connectors
can be marked with transition conditions
that are based on the state of data objects
and are evaluated at runtime. The system
executes an activity only if the conditions
of some or all of its incoming control
connectors evaluate to true. The work-
flow designer can select whether all
(AND behavior) or some (OR behavior)
of the conditions must be true.

Data flow between activities is speci-
fied using data connectors that link pairs
of data containers. Before starting an
activity, the system fetches the activity’s
input data items by following its incom-

ing data connectors. Data flow is allowed
only between activities that are linked
(directly or indirectly) by control con-
nectors. Larger processes can be struc-
tured using one of two nesting constructs.
Blocks are subunits defined only within
the scope of a given process and are used
for modular design and as specialized lan-
guage constructs (for, do-until, while,
fork). Subprocesses are processes used as
components of other processes. Like
blocks, they enable the hierarchical struc-
turing of complex process structures. The
difference is that subprocesses are in-
cluded by reference, allowing a given
subprocess to be part of an arbitrary
number of processes. Late binding (the
referenced process is read only when the
subprocess is started) allows dynamic
modification of a running process by
changing its subprocesses. Blocks and
subprocesses enable the structured mod-
eling of workflows, which leads to a
process structure resembling a tree of
tasks, where the intermediate nodes are
blocks and subprocesses and the leaf
nodes are always activities.

ARCHITECTURE
We can divide a WFMS into three

functional areas (see Figure 3): Buildtime,
Runtime Control, and Runtime Interac-
tions. The Buildtime functions support
the definition and modeling of workflow
processes. The Runtime Control func-
tions handle a process’s execution, and
the Runtime Interactions provide inter-
faces with users and applications (see Fig-
ure 4). Of these, Buildtime and Runtime
Control are likely to be centralized—the
former because it will be accessible only
to a small set of workflow designers, the
latter because it is common to all users
and usually has high demands in terms of
storage capacity.

Runtime Control has two aspects: per-
sistent storage and process navigation.
Persistent storage lets the system recover
from failures without losing data and also
provides the means to maintain an audit
trail of process execution. The naviga-
tional logic controls the execution of
processes by changing the status of activ-
ities according to the evaluation of con-
ditions. Therefore, Runtime Control has
two basic components, the storage server
and the navigation server. The Reference
Model refers to these as the Workflow
Control Data and the WFM Engine.
Similarly, Runtime Interactions are of
two types: interactions with users and
interactions with invoked applications.
The former is the interface with end
users and consists mainly of the work list
assigned to a given user. The latter is the
interface to the applications being exe-
cuted as part of a workflow. These are
usually considered separate components,
the User Interface and the Application
Interface. These appear in the Reference
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Figure 3. Overall architecture of a workflow system. 
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Model as Worklist and Invoked Applica-
tions. Note that, in practice, a user always
owns a work list. To access the list, a user
logs in to a PC or workstation and uses
the user interface provided. Then, an
application interface launches in that PC
or workstation to drive the execution of
local applications. Applications that run
on machines where users do not usually
log in, such as mainframes, are driven by
an application interface specifically de-
signed for those machines.

The Buildtime component is the
development environment. It provides a
language (usually through a graphical
interface) for defining processes as well
as tools for debugging and compiling the
source process definition into an exe-
cutable object process definition. In most
systems, this implies translation to some
form of database schema. It also provides
tools for defining the staff associated
with the system (users, roles, manage-
ment levels, groups, and authorizations
associated with these entities), the tools
associated with the activities (programs
to invoke, network addresses of com-
puters where they reside, parameters to
be passed, access paths, and so on), and
the data flow between activities (usually
through a mapping between data con-
tainers defined within the process).

These components can reside in dif-
ferent nodes and run on different oper-
ating systems. To support such diversity,
WFMSs incorporate a communication

layer that hides the underlying commu-
nication protocols. This layer provides a
set of standard primitives for the differ-
ent workflow entities to communicate
with each other, thus facilitating com-
ponent portability. The communication
layer performs additional functions such
as acting as a name server, providing reli-
able communication, and even perform-
ing primitive forms of load balancing.

LIMITATIONS OF EXISTING
SYSTEMS

So far, the functionality provided in
commercial systems has determined the
state of the art in workflow management.
Paradoxically, this has been the major
source of limitation. Many products
were developed without a clear under-
standing of the user requirements and,
as any serious workflow practitioner can
testify, these products were quite unpre-
pared to meet the demands that eager
users placed on them.

To understand this, you must under-
stand the background of workflow man-
agement. We can trace the direct ances-
tors of commercial workflow systems back
to work done in office automation, image
processing, and computer-supported co-
operative work. In these environments,
the main problems were sharing and
cooperation; unfortunately, the developers
rarely considered issues such as scalability
or reliability. Few of the early commercial
products were based on online transaction

processing (OLTP) or database technol-
ogy. Although many of them used data-
bases as the underlying repository and
some incorporated functionality-related
ideas, workflow systems were not con-
ceived to deal with the daunting tasks that
very large databases or sophisticated trans-
action processing monitor installations
face. As a consequence, the robustness and
technological maturity reached in these
areas is all but lacking in workflow systems.

We attribute other restrictions of cur-
rent technology to the centralized archi-
tecture defined by the Reference Model.3
This architecture is appropriate as long
as business processes execute within the
bounds of an enterprise. If the processes
to be automated cross organizational and
geographical boundaries and need to
integrate many participants over the
Internet, new decentralized architectures
for WFMSs are required to avoid bottle-
necks.6 Distributed WFMSs are also the
key to increasing the availability and scal-
ability of the workflow service.

Fault-tolerant workflow
systems

Of the many aspects of fault tolerance,
we will concentrate on two: exception
handling and replication strategies for
increased availability.

INCREASING AVAILABILITY USING
REPLICATION

One of the major limitations of exist-
ing systems is their minimal resilience to
failures. Current products have a single
point of failure (the database) and no
mechanism for backup or efficient recov-
ery. This is not as much a flaw as a design
decision: these products were initially
intended for small groups and small
loads. Large WFMSs will involve several
thousand users, hundreds of thousands
of concurrently running processes, and
several thousand sites distributed over
wide-area networks. They will be critical
systems, and as such, their continuous
availability will be crucial, in the same
way that continuous availability is the
key to many banking and corporate data-
base applications. Companies cannot
rely on a WFMS if a single database fail-
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Figure 4. The runtime architecture of a workflow system.
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ure can bring the entire system to a halt.
Moreover, because workflow systems
will operate in large distributed and het-
erogeneous environments, a variety of
components will be involved in the exe-
cution of a process. Any component can
fail, and we can do little about it today.
Most systems lack the redundancy and
flexibility necessary to replace failed
components without interrupting ongo-
ing work. Even if several databases are
used to minimize the impact of failures
(by running different processes off dif-
ferent databases), existing designs will
stop executing all the processes associ-
ated with the failed database.

However, the availability problem has
been solved in databases using different
techniques. Because WFMSs are built
on top of databases, it should be possi-
ble to apply these techniques to the
underlying database to provide higher
availability. The most common tech-
nique to do this is replication, with a mir-
ror system synchronized with the main
system. When the main system fails, the
mirror takes over. If the mirror is an
exact replica of the main system (all
updates to the main system are also per-
formed at the mirror), the technique 
is known as hot standby. This usually
requires a Two-Phase Commit (2PC)
protocol between the main and the mir-
ror, but it lets the mirror take over
almost immediately in the event of a fail-
ure. Letting the mirror stay slightly out
of date instead of completely synchro-
nized can reduce the cost. The mirror
can also provide cold standby support by
just storing the updates, without apply-
ing them, until it must actually take
over.

There are, however, some differences
between databases and workflow envi-
ronments. First, databases assume that
the primary and the backup are the same
database. This would tie a WFMS to the
platforms where the database runs. Sec-
ond, database backups are managed at a
low level (pages or log records, for
instance) and replication takes place
regardless of the application semantics.
In a WFMS, it is possible to use the
application semantics to reduce replica-
tion overhead by maintaining copies

only of events relevant to the overall exe-
cution.

To address these issues, current pro-
posals have suggested having no dedi-
cated backup and letting different
processes have different guarantees.7
The reason not to have a dedicated
backup is that the architecture’s distrib-
uted and heterogeneous characteristics
would require either a backup for every
individual system or a single remote
backup for the entire system, which is dis-
tributed over a WAN. Such an approach
would incur too high a cost and would
need to cope with the heterogeneity of

the primary databases. Instead, databases
are used both as primaries and backups:
for some servers the database acts as the
primary, and for others it acts as a
backup.

Partly to reduce the overhead at the
backup and partly to accommodate the
many different requirements of work-
flow applications, workflow designers
organize processes according to three
categories. Critical processes are those
for which execution must be immedi-
ately resumed in case of failures. Hence,
they are replicated using a hot standby
approach; the system forwards all
changes performed at the primary to the
secondary, where they are immediately
applied. Both transactions, at the pri-
mary and the backup, are committed
using 2PC. Important processes are those
which should be eventually resumed in
the event of failure, but some delay is
acceptable. This minimizes the impact
on performance because the backup does
not update anything; it simply stores the
changes in case they are needed to

restore the process state. When a failure
occurs, the system must apply all the
stored changes at the backup before
resuming execution. Finally, normal
processes rely only on forward recovery
to deal with failures. They are not repli-
cated at all, and the only guarantee is
that, in case of failure, the system will
resume execution where it stopped once
the failure is repaired. The workflow
designer assigns each process to one of
the categories.

Interestingly, this backup schema is
based on the application semantics, so it
can be performed over heterogeneous
databases. Heterogeneous database envi-
ronments use a data-mapping mechanism
so information from one database can be
used in another database. This data map-
ping uses a canonical representation
based on the workflow specification, so
interdatabase communication takes place
at the level of workflow concepts (activi-
ties, processes, data containers, control
connectors, and so on). We use this same
representation to avoid the problem of
having to deal with internal database rep-
resentations. The backup schema repli-
cates the state of workflow entities (for
instance, “activity x has started”) rather
than low-level items such as objects,
tuples, attributes, or pages. Because the
number of entities is relatively small, the
mapping is not complicated and does not
add significant overhead.

The performance penalty paid to
achieve high availability is comparatively
small. Figure 5a shows the results of a
performance study evaluating the run-
time overhead of various replication
strategies.8 The graphic shows the aver-
age duration for a typical navigation
transaction depending on the replication
protocol used and the number of con-
current processes at each server. A nav-
igational transaction at the workflow
server encapsulates the time between the
end of one activity and the start of the
next according to the process description
(this is a reasonable unit of execution
because it is independent of process size,
which might vary considerably). The
transaction comprises updating multiple
objects such as data containers, states of
control connectors, and the affected

Providing different
availability levels
gives workflow
administrators the
opportunity to trade
runtime overhead for
recovery time.
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process’s state as well as analyzing the
process description to determine the
next programs to start, thus incorporat-
ing the update of several schema objects.
The number of concurrent processes on
the horizontal axis indicates the database
size and has a significant impact on the
performance of all operations.

The most efficient replication strat-
egy, using the replication services of a
commercial database system (our study
used Oracle8), incurred a runtime over-
head of only 30% for hot standby repli-
cation. Although this indicates the high
degree of optimization in current data-
base technology, it is of little practical
use for implementing workflow backup,
because it ties the workflow system to a
specific database architecture. Fortu-
nately, the runtime overhead of imple-
menting the replication at the application
level instead of at the database level is still
acceptable, rising to at most 90% in the
worst case, which is for critical processes
and a large database (1,000 concurrent
processes). The actual time required is
approximately 0.6 seconds. This time
lapse is easily masked in many applica-
tions because other operations such as
communicating with clients, updating
graphical user interfaces, transporting
data between machines, and starting an
application are quite expensive and are
likely to be the real source of delays.

The strategy of providing different
availability levels gives the workflow
administrator the opportunity to trade
runtime overhead for recovery time, as
Figure 5b shows. The recovery time per
process is significantly lower for critical

processes, especially if they can be
“demoted” from critical to important avail-
ability during the recovery procedure.
The reason is that, without the demotion,
the system must ensure that each process
is still installed in two databases, which
requires copying the whole process to a
new backup database. With the demo-
tion option, only the change information
must be stored at the backup database.
Assuming that two consecutive server
failures rarely affect the same process, this
strategy seems the best option.

EXCEPTION HANDLING FOR
INCREASED FAULT TOLERANCE

Another significant drawback of exist-
ing workflow systems is their poor sup-
port for exception handling. This is a
major obstacle for large-scale and mis-
sion-critical applications. Most workflow
applications are confronted with excep-
tions such as failures of invoked applica-
tions, communication failures, lack of
response from a user, missed deadlines,
and unexpected behavior of applications.
The usual failure-handling procedure in
most systems is to stop process execution
and report the failure to an administra-
tor. However, as workflow applications
become larger and more complex, man-
ual failure resolution becomes less and
less feasible because of the demand for
human resources, with their high cost
and slow answer time. Clearly, we need
automatic exception handling, especially
for scalable systems.

The problem of exceptions and fault
tolerance is not particular to WFMSs;
indeed, the problem occurs in almost all

complex software systems. It should, in
principle, be possible to apply concepts
already developed in systems such as data-
base management systems, programming
languages, operating systems, or distrib-
uted computing platforms. The first two
areas just listed are particularly promis-
ing, and a number of research projects
have recently investigated their applica-
tion to workflow environments. Adapting
known techniques to workflow manage-
ment is the main challenge here.9 For
instance, database transactions, which
comprise a powerful abstraction for fail-
ure handling, are inefficient when used in
applications other than OLTP. For work-
flow environments, where processes tend
to be long-running and resources are
usually outside the scope of the WFMS,
we need modified notions of a transaction
that take this into account. Likewise, we
must also reconsider the semantics of tra-
ditional exception-handling concepts for
programming languages if we are to use
them in workflow systems. A recent
approach aims at combining database
transaction concepts and programming-
language ideas into a coherent paradigm
for fault-tolerant workflows.10 The con-
cept is based on enhancing the workflow
model with new concepts such as atomic
spheres, exception signals, and exception
handlers.

Atomic spheres are sets of activities that
must either execute completely or not at
all. Introducing them into the workflow
modeling language facilitates the wrap-
ping of activities, blocks, or subwork-
flows into such spheres. This gives the
workflow designer the means to model
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processes as nestings of spheres, each of
which can be separately undone if an
error occurs during its execution, thus
effectively limiting a failure’s impact to
the scope of that sphere. This concept
bears a strong resemblance to advanced
transaction models, which were originally
designed to overcome the shortcomings
of the traditional transaction concept.

One improvement has been the mod-
ification of the traditional notion of
atomicity from all-or-nothing to a more
relaxed definition, known as semiatomic-
ity. This new correctness criterion lets
us define a sphere as successfully execut-
ing even if some of its activities fail, as
long as the system can find successful
alternative executions and reach pre-
determined final states. From a formal
point of view, this lets us undo part of the
work, execute contingency activities, and
still treat the result as a correct execution.
Even though atomic spheres and semi-
atomicity enable fault-tolerant work-
flows, the problem of modeling failure
handling in an effective and comprehen-
sible way remains. Here, programming
language concepts are useful.

The concept of exception signals and
exception handlers came from the many
newer programming languages (Ada,
ML, C++, Java), operating systems (Win-
dows NT), and distributed execution
platforms (CORBA). Its aim is to make
the workflow model more robust and
comprehensible by separating “normal”
control flow from the failure-handling
logic. To accommodate this notion into
workflow processes, we embed all failure-
handling logic in exception handlers
attached to atomic spheres. An exception
handler can be an arbitrary flow, so we
can implement any failure-handling
scheme necessary. When detecting an
exception in a sphere, the WFMS passes
control to the appropriate handler, which
executes the tasks necessary to repair the
failure. Next, depending on the type of
handler, it will either abort the sphere
(thus effectively implementing a contin-
gency plan) or resume execution. A third
possibility is propagating the exception
to the enclosing sphere; this might ulti-
mately produce an abort of the whole
process if, for example, a failure occurred

for which no appropriate handling was
specified. One of the challenges of using
this approach for workflow languages is its
integration into graphical languages,
which are usually used for workflow mod-
eling. To accommodate convenient work-
flow modeling, language primitives must
be seamlessly integrated into whatever
modeling flavor the workflow designers
know.10

Exception signals and exception han-
dlers let workflow designers describe a
process’s failure semantics in a convenient
way. Additional mechanisms are neces-
sary to enforce these failure semantics: for
instance, “aborting a task” must be prop-
erly defined. In practice, aborting a task
and executing an exception handler is
equivalent to what is known as partial
backward recovery in advanced transaction
models. An important issue in workflow
contexts is how to deal with application
semantics if spheres must be rolled back.
Many programs are not inherently atomic,
an assumption that advanced transaction
models generally make.

Also, only some of the activities that
a workflow executes will support physi-
cal undo as, for example, database man-
agement systems implement it. Instead,
the vast majority of applications must
use compensation, logically undoing the
effects of activities. This again requires
extensions to modeling languages, because
the workflow programmers need to spec-
ify undo methods for activities that the
WFMS can then use if a sphere must be
undone. In practice, the range of possible
undo methods can be wide, and the
WFMS must support all of them. For
instance, in the simplest case, an undo
method will be the execution of a single
program that is logically inverse to the one
that must be compensated; in other cases,
compensation may require the execution
of a whole subworkflow. In yet other cases,
a compensating activity for a whole work-
flow might exist that can speed up recov-
ery significantly, because not every single
activity must be compensated. Hence,
recovery mechanisms for workflow sys-
tems must be much more pragmatic and
flexible than the known mechanisms in
workflow systems. Because of this, many
researchers see workflows as the first real

application area for advanced transaction
models, which have until now mainly
remained theoretical concepts.

The concept of exception signals and
exception handlers can handle all kinds
of exceptions flexibly, as long as the
workflow designers have anticipated
them. How to handle unexpected excep-
tions—that is, failures that the workflow
designer did not foresee—is still an open
research topic. The occurrence of such
an exception usually indicates an erro-
neous or incomplete workflow specifica-
tion, which therefore requires modifica-
tions to the process. However, the WFMS
must gracefully handle even this situation
to avoid losing the work performed
before the error occurred. As in the case
of expected exceptions, it is usually not
acceptable to abort the whole workflow.
Instead, to capture the new situation and
resolve it coherently, we need mecha-
nisms to dynamically modify running
workflow instances. Dynamic workflow
modification is also an open research
topic,11 but because of its importance, it
will likely become an important facility
in future WFMS generations.

CURRENT COMMERCIAL workflow man-
agement systems are inflexible, do not
scale well, and do not handle failures
appropriately. Ongoing research is ad-
dressing many of these issues using both
known techniques from the transaction-
processing world as well as innovative
ideas based on new technologies. Success
in incorporating these ideas into existing
products will be a key factor in establish-
ing WFMSs as one of the crucial compo-
nents of corporate computing.
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Even though there
are fewer general-

purpose operating systems
developed today, research
scientists and technology
developers have not lost
interest in the field. The
OS field has somewhat
refocused in the past few
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Web technology and 
middleware. Many OS
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